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Fluorescence excitation spectra for transition A˜ 1Au – X˜ 1Ag of trans-glyoxal in a supersonic jet were
recorded with laser excitation in a wavelength region near 395 nm. With resolution 0.04 cm21, most
lines in these spectra are resolved and are assigned rotationally; of six bands assigned, three have
c-type rotational structure, and another three have types a/b hybrid, a and b . Fluorescence decays
with quantum beats, resulting from coherent excitation of S1 and T1 states, are observed for most
rotational levels in this region. In spectra transformed to the frequency domain for these decays, the
widths are larger than those obtained at low excitation energy. The widths from nonzero frequency
lines, reflecting mostly the triplet character, indicate that the triplet state is dissociating.
Fluorescence spectra of fragment HCO confirm that the dissociation channel correlated to the triplet
surface of glyoxal involves formation of radical products. From an abrupt decrease of lifetime of the
triplet state and onset of disappearance of fluorescence of glyoxal, the threshold for formation of
fragment HCO from trans-glyoxal is determined to be 394.4 nm. With data for heat of formation
this threshold yields an exit barrier 2.560.5 kcal/mol. Signal of HCO for wavelengths greater than
the threshold position up to 400.5 nm is observed and is assigned to arise from the S0 surface.
Rotationally state-resolved appearance rates of HCO for a vibrational state near the dissociation
threshold are measured. Relative to lifetimes obtained from eigenstates in the quantum-beat data, the
appearance time of product HCO reflecting the overall depletion of glyoxal is on average longer.
Some observed gateway states with enhanced yields of HCO are considered to result from strong
singlet–triplet interaction. © 2003 American Institute of Physics. @DOI: 10.1063/1.1612478#I. INTRODUCTION
Spectra of glyoxal ~HCOCOH! have been investigated
thoroughly.1–23 Full rotational analyses for the ground elec-
tronic state and for low vibrational energy region in the first
electronically excited singlet and triplet states are reported.
Near the S1 origin, the mechanism and matrix elements of
S1 – T1 interaction of trans-glyoxal level are studied via
methods of level anticrossing10–15 and of two-photon absorp-
tion combined with application of a magnetic field.20,21 We
undertook spectral analysis in the energy region
2000– 3300 cm21 above the origin of A˜ 1Au in its transition
A˜ 1Au – X˜ 1Ag of trans-glyoxal; full rotational analyses of
nine vibronic bands were reported.22 Decay of fluorescence
emission of rotational states of A˜ 1Au with quantum beats
superimposed was observed for the first time for glyoxal.
Further splitting of these quantum-beat frequencies on appli-
cation of an external magnetic field confirms that the oscil-
latory behavior results from interference of coherently ex-
cited mixed triplet and singlet states.23 Increased widths of
lines in Fourier-transform ~FT! spectra from fluorescence de-
cay with quantum beats obtained at large excitation energy
indicate that the triplet state correlates to a dissociation con-
tinuum.
a!Author to whom all correspondence should be addressed. Electronic mail:
icchen@mx.nthu.edu.tw8340021-9606/2003/119(16)/8347/9/$20.00
Downloaded 15 Nov 2007 to 140.114.72.112. Redistribution subject tMany researchers investigated the dynamics24–42 of dis-
sociation of glyoxal because this compound is an important
pollutant found in the troposphere and because it serves as a
prototypical molecule in regard to dissociation dynamics. In
the ground electronic surface, three dissociation channels of
glyoxal to yield H2CO1CO ~formaldehyde channel!, H2
12CO ~triple fragmentation channel!, and HCOH1CO ~hy-
droxymethylene! are identified.29 Using cavity ring-down
spectroscopy, Zhu et al.31 detected production yield of HCO
from glyoxal under bulk conditions at excitation wavelengths
193, 248, 308, and 351 nm, but the mechanisms of dissocia-
tion to produce the radicals remain undetermined. In the
present work we detected HCO from glyoxal photolyzed in
the UV region to identify that the correlated product channel
to the triplet surface is formation of two HCO, i.e., the radi-
cal channel. A schematic diagram of potential-energy sur-
faces of low-lying electronic states related to this work ap-
pears in Fig. 1. Although state S1 of trans-glyoxal is
predissociative, fluorescence spectra for the transition S1 – S0
near the dissociation threshold on the triplet surface can be
resolved rotationally despite its weak intensity; in this way
the state-resolved rate of appearance of HCO in the region
near the dissociation threshold can be measured. The
quantum-beat technique enabled us to investigate the
spectroscopy43–50 and dynamics of a dark state.49 In the
present work we applied this technique to study the state-
selected dynamics of glyoxal near the top of the dissociation7 © 2003 American Institute of Physics
o AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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mation of HCO are observed.
II. EXPERIMENT
The laser beam from a dye laser ~Lambda Physik, Scan-
mate SM2E! pumped with a Nd:YAG laser ~Continuum 81-
C-10! provided excitation at wavelengths 392–402 nm and
at energies 0.2–1 mJ/pulse ~laser dye E398!. An intracavity
etalon was placed in the oscillator of the dye laser to achieve
a resolution ;0.04 cm21. The absolute wavelength of the
laser was calibrated with transitions of neon and uranium
through optogalvanic spectra, which were recorded simulta-
neously with spectra of glyoxal.
A mixture of either glyoxal/Ar or glyoxal/He ~0.4%–
2.0%! and also mixed Ar and He was used with a pulsed
nozzle ~General Valves, diameter 0.5 mm; stagnation pres-
sure 1–1.5 atm! to generate the molecular jet. About 1.8 cm
downstream from the orifice of the nozzle, the laser beam
interacted with the molecular jet to excite glyoxal to the
A˜ 1Au state. A photomultiplier tube ~EMI 9829QB! was
mounted perpendicularly to both the molecular jet and the
direction of propagation of the laser beam to detect total
emission; most scattered light was eliminated with a cut-off
filter ~GG435!. The signal was transferred to a boxcar inte-
grator and, via an A/D converter, to a computer for data
averaging and further analysis. A digital oscilloscope
~LeCroy LT342, bandwidth 500 MHz! recorded fluorescence
emission with interval 2 ns. For each laser shot the fluores-
cence decay was recorded for 5 ms duration; an average
about 2000 laser shots served to produce each decay trace.
To extend the resolution in transformed spectra for decays
with quantum beats, we added zeros to the data points to 8
ms before Fourier transformation. Convolution over the
Gaussian instrument response function ~full width at half
maximum 7 ns! was performed with the transformation.
A second dye laser ~Lambda Physik LPD 3002! pumped
with a Nd:YAG laser generated a probe beam near wave-
lengths 516–518 nm. This laser beam was directed into a
doubling crystal ~BBO! to yield an UV beam, then to a four-
prism separator to obtain a final energy 1–1.4 mJ/pulse at
FIG. 1. Schematic diagram of energies for the dissociation pathway along
the triplet surface of glyoxal.Downloaded 15 Nov 2007 to 140.114.72.112. Redistribution subject tresolution 0.25 cm21. This laser beam served to excite HCO
to the B˜ 2A8 state. Both laser pulses overlapped spatially in
the interaction region. Filters ~UG11 and WG335! are used
to block most light scattered from both beams. To avoid scat-
tered light from the photolysis beam completely when re-
cording the appearance curves of HCO, we used an interfer-
ence filter in combination with a cut-off filter ~WG335!. The
delay between photolysis and probe pulses was varied from
220 ns to 2 ms. A photomultiplier tube ~EMI 9658! in com-
bination with a preamplifier ~ORTEC 9306! produced an op-
timal ratio of signal to noise. Monomeric glyoxal was pre-
pared from decomposition of trimer at 180 °C.
III. RESULTS AND ANALYSIS
A. Spectra
The laser-induced fluorescence spectrum of the transi-
tion A˜ 1Au – X˜ 1Ag at resolution 0.04 cm21 in the region
25 318– 25 344 cm21 is shown in Fig. 2. This region about
3300 cm21 above the S1 origin is reported to be near a
threshold for dissociation occurring on the triplet surface22
and most rotational states display a quantum-beat pattern.
Hence, we performed full rotational analysis and quantum-
beat experiments in this region. The spectral linewidth re-
mains limited by instrumental resolution (;0.04 cm21), but
the intensity is less than 1% of that of the origin band be-
cause of both poor Franck–Condon factors and predissocia-
tion. In total, six bands appear and are assigned, three bands
(U , U8, and U9) with c-type rotational structure, and an-
other three with types a/b hybrid (V), a (W), and b (W8);
the vibrational symmetries of the upper states are hence ag
for the former three states and bg for the latter three states.
The spectral intensity shows a ratio 1:3 according to quan-
tum number Kc9 in its electronic ground state being even or
odd.
From previous experimental findings,1,15,16 the molecular
geometry alters little upon excitation to the A˜ 1Au state. Only
transitions with vibrational quantum number change Dv
50 – 2 for most vibrational modes, except mode 7 with Dv
50 – 4, have favorable Franck–Condon factors. Because
these states have relatively large vibrational energy in A˜ 1Au
and because a complete list of accurate anharmonicities be-
tween vibrational modes is lacking, specific assignments for
these vibrational levels lying within such a small region of
energy are unavailable. For this reason we label alphabeti-
cally the vibrational states observed here; only rotational lev-
els are assigned.
Bands U8 and U9, displaying weak intensity but lying
near band U on the blue side, might arise from coupling to
state U , so to gain appreciable intensity as shown in Fig. 3.
Hence we group these three bands together and name them
the U series. We used the program ASYTOP based on an
asymmetric, prolate-rotor Hamiltonian to fit the rotational
parameters according to least squares of residuals.51,52 For
bands U8 and U9 only 17 and 9 transitions, respectively, are
assigned, hence with only a few fitting parameters. Simu-
lated spectra shown in Fig. 3 are calculated with those fittingo AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
8349J. Chem. Phys., Vol. 119, No. 16, 22 October 2003 Dissociation dynamics of glyoxalFIG. 2. Fluorescence excitation spectra and rotational
assignments for A˜ 1Au – X˜ 1Ag of trans-glyoxal in an
excitation energy region 25 318– 25 344 cm21. The
molecular jet was prepared from a glyoxal/He mixture.
In this region six vibrational bands labeled U , U8, U9,
V , W , and W8 appear; rotational assignments for bands
V , U , W and W8 are shown in ~a!–~c!; Ku9 and Kl9
denote K upper and lower doublet states in the ground
electronic state.parameters and assume a Lorentzian width of 0.04 cm21 de-
spite the experimental spectral line shape being of mixed
Gaussian and Lorentzian character. The intensity ratios for
those bands are approximately U:U8:U9510:5:1. Band U
shows normal spectral intensity as an asymmetric rotor, but
we observed deviations of calculated intensities from those
in the experimental curve for the two weak bands U8 andDownloaded 15 Nov 2007 to 140.114.72.112. Redistribution subject tU9. The first of two possible reasons is that the fluorescence
intensity varies with the lifetime of upper states, such that
some states have short lifetimes, hence a low quantum yield
of fluorescence; setting the gate width 100 ns in the boxcar
integrator caused the observed intensity to vary slightly. Sec-
ond, various coupling strengths to bright states affect the
spectral intensity. Except those lines displaying abnormal in-o AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
8350 J. Chem. Phys., Vol. 119, No. 16, 22 October 2003 Chen, Lee, and ChenFIG. 3. Experimental ~top trace! and
simulated spectra ~other four traces!
for the U series are displayed. All
three bands U , U8, and U9 display ro-
tational structure of type c; simulated
spectra are calculated based on an
asymmetric-rotor Hamiltonian, assum-
ing a Lorentzian width 0.04 cm21, a
c-type rotational structure, and Boltz-
mann temperature 3 K. To achieve the
best fit ~the second trace! to the ex-
perimental intensity, the ratios of in-
tensities of those bands are U:U8:U9
510:5:1. The molecular jet was pre-
pared from glyoxal in a mixture
He/Ar51/2.tensity, most transitions display a regular ratio 3:1 for
ortho:para ~odd:even Kc9) nuclear spin states.
Two vibrational states with origins 25 340.287~1! and
25 339.947 0(7) cm21 display rotational structures of types
a and b , respectively. The transitions for these two bands
labeled W and W8 cannot be attributed to the same vibra-
tional state, although many bands lying at lower energies
display a band type a/b hybrid.1,22 For vibrational band V
with origin 25 321.446 2(5) cm21 we assigned 30 attributed
transitions. Apart from these assignments for six bands, a
few lines that cannot form a complete band remain unas-
signed. Six bands with origins within an energy range
10 cm21 are assigned; for states lying nearby, some vibra-
tional states assigned here might appear from vibronic inter-
actions with neighboring states.
Values of fitted molecular parameters and average rms
deviations of fits are summarized in Table I. The average rms
of deviation 0.023– 0.027 cm21 is comparable with measure-
ment precision, 0.02 cm21; perturbation by nearby triplet
states and between singlet states in terms of line positions for
individual rotational levels is hence likely less than the ex-
perimental uncertainty. Values of the rotational parameter A
except for state W (A51.753 cm21) lie within
1.927– 1.955 cm21, similar to that of the ground vibrational
state but distinct from that for cis-glyoxal (’0.9 cm21).
Combinational states consisting of excitation in mode 7 ~tor-
sional motion! are expected to have a small A value but still
greater than that of the cis form. Pebay, Peyroula and Jost16
suggested a relationship for the value of A versus the number
of quanta in mode 7; from that relationship, state W might
involve two quanta of mode 7. According to our A values, all
vibrational states detected here are hence assigned to belong
to the trans conformer. As the proportion of cis conformer in
the jet is less than 0.1% of trans, its spectral intensity is
expected to be small. The barrier to cis–trans isomerization
is unknown, and the states detected yield no clue about
isomerization.Downloaded 15 Nov 2007 to 140.114.72.112. Redistribution subject tB. Fluorescence decay with quantum beats
Based on assigned spectra, we measured decays of emis-
sion from individual rotational states in this region. Most
decay curves display oscillatory modulation, but the depth of
modulation obtained in the present work is smaller than that
obtained in the region at low energy. As reported previously,
quantum beats arise from coherent excitation of mixed triplet
and singlet states.22,23 Two Fourier-transform ~FT! spectra of
experimental decay curves appear in Figs. 4 and 5. In this
energy region, the full widths at half maximum ~FWHM! of
lines in transformed spectra, 0.5–6 MHz, are larger than
those, ;0.3 MHz, observed in the region of low energy.1 A
width in the FT spectrum free from Doppler broadening re-
flects the natural linewidth of an eigenstate.
Because singlet–triplet interaction in glyoxal is known
to involve vibronic spin–orbit coupling, transitions follow
selection rules DK50, 61, DJ50, and DF50 (F5I1J,
and J5N1S).53 Some interacting states with DN50 dis-
playing strong coupling are observed.23 For each rovibra-
tional level, within a coherent window 90 MHz due to the
laser, a few beat frequencies are observed. For most cases a
condition of weak coupling is applicable; the derived number
of beat frequencies is approximately equal to the number of
coupling triplet states. According to those selection rules we
expect to observe more beat frequencies for states with K
>1 than with K50, in agreement with experimental results
as shown in Fig. 6. In this figure, K doublet states in K53
are not spectrally resolved. In Table II we list ratios of inten-
sities of lines in the transformed spectra and rovibrational
states displaying beating for vibrational state U .
The rotational quantum numbers for only bright states
are known; in Fig. 6 we hence plot lifetimes derived from
FWHM (t51/(p32g)) in FT spectra versus J and K of
vibrational state U . On average the obtained lifetimes show
no systematic dependence on quantum numbers J and K of
the bright state. The large widths ~corresponding to lifetimeso AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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s.Downloaded 15 Nov 2007 to 140.114.72.112. Redistribution subject t50–300 ns! displayed for these nonzero frequency states,
possessing mostly triplet character, indicate that the triplet
states are correlated to a dissociation continuum, consistent
with previous findings.22
C. Appearance of fragment HCO
We detected HCO from glyoxal photolyzed in the wave-
length region 392–401 nm through fluorescence in the
known transition B˜ 2A8– X˜ 1A8.54–58 Figure 7 shows a pho-
tofragment excitation ~PHOFEX! spectrum when the probe
wavelength was fixed at transition QR0 of band 00
0 to mea-
sure the relative yield of HCO; this spectrum is shown with
the fluorescence spectrum of glyoxal for comparison. The
dependence on power of the photolysis laser is linear; the
production of radical fragment HCO from glyoxal thus oc-
curs via a single-photon process. From Fig. 7~a! the spectral
intensity of the fluorescence spectrum decreases sharply
from wavelength 397 nm and almost vanishes near 394.4
nm. According to the PHOFEX spectrum, the signal of HCO
begins at wavelength 400.5 nm. To avoid detecting any re-
maining fluorescence emission from the parent, we set the
delay between pump and probe pulses to 2 ms and used an
UV interference filter with a small range of wavelength in-
FIG. 4. ~a! Fluorescence decay curve and ~b! Fourier-transform plots in the
frequency domain from fluorescence decays of JKaKc5211 of vibrational
state U8. The line position is indicated and the FWHM in ns is shown in
parentheses. In FT spectra for the same upper state obtained from separate
branches, only the same beating frequencies displayed are considered.o AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
8352 J. Chem. Phys., Vol. 119, No. 16, 22 October 2003 Chen, Lee, and Chenstead of a bandpass filter; in this way the contribution from
glyoxal emission in the PHOFEX spectrum was made mini-
mal.
We recorded rise curves of HCO for rotational levels of
vibrational state U because the ratio of signal to noise was
superior; two such curves displaying distinct rise-time con-
stants appear in Fig. 8. All rise curves display a single expo-
nential behavior; the fitted time constants for all states mea-
sured are plotted versus rotational quantum number J of
vibrational state U in Fig. 9. These measured appearance
time constants of HCO for various rotational levels of vibra-
tional state U are listed in Table II. No dependence on rota-
tional quantum numbers is observed and on average the life-
time of HCO appearance is longer than that of the triplet
molecular eigenstate obtained from quantum-beat data.
On carefully comparing the intensity in PHOFEX and
LIF spectra for series U , we found that, for some states
marked in the high-resolution PHOFEX spectrum in Fig.
7~b!, the yields of product HCO were greatly enhanced. The
distribution of HCO internal states does not vary greatly with
rotational level for low J and K in state U in glyoxal.59
Compared with other experimental data, those states that
have a short lifetime for fluorescence decay correspond to
rapidly appearing HCO. The gateway state 22 (220 and/or
FIG. 5. Fluorescence decay ~lower trace! of state JK522 of U . The top
trace is its FT spectrum of the decay curve with the line position indicated
and a time constant in ns obtained from its FWHM in parentheses. The
insert shows the best fits to Lorentzian functions for two features centered at
30.4 and 41.3 MHz.Downloaded 15 Nov 2007 to 140.114.72.112. Redistribution subject t221 , unresolved transition! of state U is shown in Fig. 5 for
its fluorescence decay and in Fig. 8 for the yield of HCO;
both curves show a time constant shorter than for other non-
gateway rotational states.
IV. DISCUSSION
A. Mechanism of fragment HCO formation
According to previous results on quantum beats per-
formed for energies over a broad range,22 the abruptly in-
creased rate of decay of T1 coincides with the position of
greatly diminished intensity of fluorescence at 394.4 nm,
confirming that the radical channel correlates with the T1
surface. Linewidths ~0.5–1.5 MHz! examined in Fourier-
transformed spectra obtained from quantum-beat data in this
region 395–400.5 nm correspond to lifetimes 630–210 ns
for triplet eigenstates. In the same region, the lifetime of
fluorescence decay of glyoxal S1 state fluctuates and displays
an average lifetime ;800 ns. Both internal conversion and
intersystem crossing are expected to contribute to relaxation
of S1 glyoxal.
Formation of 2HCO on the electronic ground-state sur-
face is expected to have no exit barrier. Here, we estimated
the rate constant of dissociation with the variational micro-
canonical RRKM ~Rice–Ramsperger–Kassel–Marcus!
theory.60 We first assumed a Morse potential for the dissoci-
ating system according to experimental data: reaction energy
DEr and the harmonic force constant of the C–C stretching
mode of vibration. At various fixed C–C separations in a
range 2–4 Å, we then performed full geometry optimization
using methods B3LYP and BPW91/6-311G(d ,p) ~GAUSSIAN
program61!. At each structure we calculated 3N – 7 vibra-
tional frequencies to locate the bottleneck—the position with
vibrational states of minimum number—along the C–C dis-
tance. The density of reacting states at excitation wavelength
394.4 nm and the number of vibrational states for a C–C
bond of length 2–4 Å at 0.1 Å interval are calculated using
the Whitten–Rabinovitch equations.62 This calculation yields
FIG. 6. Plot of time constant obtained from FWHM of nonzero frequency
lines in FT spectra as a function of rotational quantum number J for state
K50 – 3 ~upper K doublet: %, lower K doublet: ^, unresolved K doublet
and K50:s , of state U . The error of the measured time constant is 5%–
10%.o AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
8353J. Chem. Phys., Vol. 119, No. 16, 22 October 2003 Dissociation dynamics of glyoxalTABLE II. Lifetimes ~t! from FWHM in FT spectra and appearance of HCO, tHCO for vibrational state U .a
JKaKc
DKDJKa(J9)
n l
~MHz!
t
~ns! Csi
tHCO
~ns! JKaKc
DKDJKa(J9)
n l
~MHz!
t
~ns! Csi
tHCO
~ns!000 PP1(1) 0.0 279.2 0.91 316
22.1 117.5 0.15
41.0 51.8 0.38
101 PP1(2) 0.0 418.8 0.98 432
20.8 146.0 0.22
202 PP1(3) 0.0 468.1 0.99 590
42.2 218.0 0.12
303 PP1(4) 0.0 424.4 0.95
51.7 205.4 0.21
63.3 99.2 0.24
505 PR1(4) 0.0 707.4 0.96 429
9.4 59.2 0.27
110 RP0(2) 0.0 757.9 0.91 264
6.6 49.9 0.37
12.7 284.2 0.07
24.4 72.8 0.15
211 RP0(3) 0.0 624.1 0.99 307
27.2 171.1 0.11
211 RR0(1)b 0.0 530.5 0.97 422
27.4 201.5 0.20
212 RQ0(2) 0.0 505.3 0.99
22.7 306.1 0.11
312 RP0(4) 0.0 578.8 0.97 240
12.4 116.6 0.24
312 RR0(2) 0.0 413.4 0.91
12.7 139.6 0.31
413 RR0(3) 0.0 402.9 0.96 219
24.5 75.3 0.29
413 RP0(5)b 0.0 677.3 0.96 307
25.0 75.6 0.21
414 RQ0(4) 0.0 482.3 0.92
12.3 192.9 0.24
19.2 99.5 0.19
23.0 303.2 0.16Downloaded 15 Nov 2007 to 140.114.72.112. Redistribution subject t28.8 133.7 0.12
32.0 153.8 0.08
38.2 168.4 0.09
514 RR0(4) 0.0 513.4 0.99 521
21.2 402.9 0.11
615 RR0(5) 0.0 309.0 0.97 282
19.9 191.8 0.18
27.7 219.5 0.12
616 RQ0(6) 0.0 418.8 0.99
22.9 370.1 0.06
25.6 250.6 0.06
29.0 191.8 0.12
32.0 153.8 0.08
38.2 168.4 0.09
717 RQ0(7) 0.0 482.3 0.95
15.7 168.4 0.20
28.8 96.5 0.18
35.4 87.0 0.17
2201221 RR1(1)b 0.0 279.2 0.90 200
30.4 157.6 0.11
41.3 184.0 0.20
321 RP1(4) 0.0 436.0 0.97
12.2 156.0 0.19
24.0 145.4 0.15
322 RR1(2)b 0.0 430.2 0.99 238
48.0 218.0 0.16
423 RR1(3) 0.0 306.1 0.95
5.9 157.6 0.28
35.4 235.8 0.14
524 RP1(6) 0.0 402.9 0.95
17.5 77.3 0.17
28.7 89.4 0.19
35.6 186.2 0.18aSymbol n l : beat frequency; FWHM: full width at half maximum; t51/(p3FWHM); Csi5AA(n l)/A total; A(n l): area of peak at n l and A total : total area of
peaks in FT spectrum. JKaKc denotes a rotational state of the vibrational state U .bOverlapped transition.an estimated variational RRKM rate constant 1.83106 s21
~B3LYP! and 2.43106 s21 ~BPW91! for formation of HCO
on the ground electronic surface with a calculated bottleneck
position around 3 Å. For the other pathway C2H2O2
→H2CO1CO occurring on the ground electronic surface we
used vibrational frequencies of the transition structure calcu-
lated by Li et al.,39 yielding a rate constant 2.33109 s21 at
the same excitation energy. The Whitten–Rabinovitch equa-
tions yield the density of S0 and T1 states to be 33106 and
150 per cm21 ~including four symmetry species!, respec-
tively, at energy 25 255 cm21 ~394.4 nm!. According to the
results from RRKM theory the branching ratio of the radical
to the molecular products from the S0 surface is small.
The enthalpy at 298 K for production of 2 HCO was
experimentally determined to be DHr571.560.2
kcal/mol.63–65 Application of the correction for heat capacity
yields a reaction energy DEr570.0 kcal/mol. We assign the
sudden decrease in fluorescence of glyoxal to the threshold
for triplet dissociation ~394.4 nm, 72.5 kcal/mol!; this point
agrees with the position for onset of the increased FWHM of
lines in the Fourier transformed spectra versus excitation en-
ergy observed from the quantum beat experiments. Thus weobtain a reversed barrier 2.560.5 kcal/mol from the enthalpy
data. However, we observed the fluorescence signal from
HCO at wavelengths up to 400.5 nm. The spectral features in
the PHOFEX spectrum resemble to those in the LIF spec-
trum; hence not all correspond to absorption from hot bands.
Bimodal rotational state distributions of fragment HCO using
technique LIF are observed; these results imply two distinct
dissociation channels.59 The radical channel HCO1H pro-
duced from both S0 and T1 surfaces of formaldehyde was
investigated;66–68 fluctuations in the production ratio from
these two surfaces are observed in dissociation for both mo-
lecular and radical channels.67 Below the formation threshold
on the triplet surface of glyoxal, the rate of tunneling is low;
the HCO observed at 2 ms delay here must arise from the S0
surface.
B. Fluctuation in quantum yield of HCO
Some rotational states are observed to display an en-
hanced quantum yield of HCO as shown in Fig. 7~b!. We
identify those by taking the ratio of the fluorescence signal to
the HCO yield, f5ILIF /IHCO , according to intensities ofo AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
8354 J. Chem. Phys., Vol. 119, No. 16, 22 October 2003 Chen, Lee, and Chenfluorescence and of PHOFEX spectra for individual rota-
tional states. The states displaying large f are marked ~with
a sharp symbol and an asterisk! in Fig. 7~b!, and show no
systematic dependence of rotational quantum number J and
K in vibrational state U . Given the large number of density
of S0 states, the fluctuations for coupling of S1 to S0 should
be averaged out but for S1 to T1 can be detectable ~density of
T1 states ;38 per cm21 on average for each symmetry spe-
cies!. From quantum-beat spectra, we found that those states
show about the same number of beat frequencies, i.e., not
involving coupling to more triplet states. Michel et al.13 and
Kato et al.20,21 reported some gateway states at low vibra-
tional energy with coupling constant yST greater than 60
MHz; these states are independent of rotational quantum
numbers. Our experimental findings indicate that these gate-
way states remain significant in intersystem crossing near the
threshold region for dissociation.
On average, appearance time of HCO is observed to be
FIG. 7. ~a! Fluorescence excitation spectrum of the glyoxal A˜ 1Au – X˜ Ag
transition in wavelength range 392–399 nm ~upper trace, LIF!, and
PHOFEX spectrum in 392–401 nm for glyoxal on monitoring the HCO
fluorescence yield and fixing the probing beam at transition QR0 of HCO
~lower trace!. ~b! An expanded plot of ~a! for region 25 328– 25 340 cm21
@394.8–394.6 nm, shown by an arrow in ~a!# shows the gateway states
~marked with upper state JKaKc for state U , symbol* for state U8 and ] for
U9) with enhanced HCO yields.Downloaded 15 Nov 2007 to 140.114.72.112. Redistribution subject tlonger than the time inferred from the quantum-beat spectra.
An explanation is that the appearance rate reflects the overall
removal rate of glyoxal, and the beat spectra are related to
the lifetime for the triplet states. At the threshold energy
region on the triplet surface, the triplet lifetime is shorter
than the duration required for intersystem crossing and inter-
nal conversion back to the S0 surface.
FIG. 8. Measured rise curve of HCO LIF intensity after photolysis of gly-
oxal as a function of delay between photolysis and probe laser pulses. The
upper levels are 101 ~upper panel! and 22 ~lower panel! of vibrational state
U . The monitored HCO transition is QR1 . State 22 is a gateway state for
intersystem crossing.
FIG. 9. Plot of time constant tHCO for appearance of HCO as a function of
rotational quantum number J for state K50 – 3 of state U ~upper: d, lower
K: l, unresolved K: m, and K50: .!. Error bar 61s is shown for tHCO .o AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
8355J. Chem. Phys., Vol. 119, No. 16, 22 October 2003 Dissociation dynamics of glyoxalV. CONCLUSION
We excited glyoxal to the first electronically excited
state at photon energies in the range 25 305– 25 353 cm21,
’3300 cm21 above the S1 origin. Radical product, HCO is
detected. The formation threshold 394.4 nm agrees with the
onset of lifetime shortening in the triplet state obtained from
quantum-beat data, confirming that the radical channel also
correlates with the triplet surface; the reverse barrier is
thereby determined to be 2.560.5 kcal/mol. Enhanced pro-
duction of fragment HCO is observed but with no systematic
dependence on J and K is identified. Because of a great
density of the S0 states, we attribute the enhancement to a
crossing between S1 and T1 . Based on observed quantum
beats, we not only obtained information about coupling be-
tween bright and dark states but also studied the dynamics of
rotational states selected with possession of no oscillator
strength.
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